In this paper, progress towards the goal of understanding communication between the nucleus and cytoplasm using an in vitro system is reviewed. To probe the mechanism of nuclear targeting, we developed an in vitro transport system and have begun to dissect the highly selective process of nuclear transport. The basic parameters of transport were defined using an easily isolated nuclear protein, nucleoplasmin. To study the interaction of nuclear targeting signals with the pore, an artificial nuclear transport substrate was constructed, which consists of human serum albumin coupled to the signal sequence of the SV40 T-antigen. A similar peptide-protein conjugate was made using a mutant signal sequence. These conjugates were fluorescently labeled and/or tagged with gold and tested for transport in the in vitro system. High levels of nuclear transport of the wild-type signal sequence-containing protein were observed, while no transport of the mutant signal sequence-containing protein was seen. Thus, the in vitro system correctly recognizes the single amino acid change between the wild-type and mutant signal sequences. We found that the observed nuclear transport was completely dependent on the presence of ATP.
. A schematic diagram of the nuclear pore. A possible three-dimensional model of the pore is shown based on electron micrographic data and the rotational averaging model of Unwin & Milligan (1982) . The pore is oriented so that the cytoplasmic face of the pore is uppermost. The nuclear lamina (L) is shown as a fibrillar meshwork that underlies the inner nuclear membrane. The pore perforates both inner (IM ) and outer (OM) nuclear membranes. An individual nuclear pore is thought to consist of eight subunits in a ring on the cytoplasmic face of the pore, eight subunits on the nucleoplasmic face of the pore, and eight spokes (SP) connecting the edges of the pore to a central channel (CC). It should be noted that each subunit is approximately the size of a ribosome and is presumably composed of multiple proteins. to the mechanism of nuclear transport become central questions in cell biology (for reviews see Bonner, 1978; De Robertis, 1983; Dingwall & Laskey, 1986; Newport & Forbes, 1987; Newmeyer, in press ). Nuclear pore structures are estimated to be ~108ikir in size; they perforate both the inner and outer nuclear membranes ( Fig. 1) . By electron microscopy they are seen to consist of two parallel rings, each composed of eight globular subunits (Unwin & Milligan, 1982; Stewart & Whytock, 1988 ; for reviews see Franke, 1974; Maul, 1977) . The subunits are connected by 'spokes' to a central channel approximately 9-10 nm in diameter ( Fig. 1 ; Lang et al. 1986; Paine & Horowitz, 1980) . This aqueous channel through the center of the pore allows free diffusion into the nucleus of both small molecules and small proteins up to ~40K (K = 103 Mr) in size. Entry of macromolecules larger then ~50K into the nucleus, however, is regulated by the pores.
To pass through the pore, large proteins must bear a nuclear signal sequence. This signal sequence, unlike that of endoplasmic reticulum or mitochondrial proteins, is not removed but remains on the mature protein. A number of signal sequences have been identified by their ability to target non-nuclear proteins to the nucleus. For example, the signal of the SV40 T-antigen consists of the seven amino acid sequence:
Pro-Lys-Lysl28-Lys-Arg-Lys-Val (Kalderon et al. 1984a,b; Lanford & Butel, 1984; Lanford et al. 1986) . Peptides that contain a point mutation (Thr, Asn) at the Lysl28 residue do not allow transport into the nucleus. The signal sequence of a second nuclear protein, nucleoplasmin, has recently been shown to be larger and more complicated than that of the SV40 T-antigen (Burglin et Burglin & De Robertis, 1987; Dingwall et al. 1987 Dingwall et al. , 1988 . Although signal sequences have been identified for a number of nuclear proteins, there appears to be no obvious consensus sequence (see Dingwall & Laskey, 1986 for a review). The significance of the variation between different signals has yet to be determined but, in general, the sequences are very positively charged.
Much progress has been made using in vivo transport assays on the nature of the signal sequences necessary for transport of nuclear proteins. Similar progress, however, on the molecular nature of the pore complex itself has, until recently, been hindered by the lack of an easily manipulated transport assay. Using an in vitro transport assay (Newmeyer et al. 19866) , we have been able to approach the question of pore-mediated transport mechanisms at the biochemical level. In this paper, the results of several of our published studies and unpublished work extending those studies are summarized.
Experimental procedures
Nuclear transport assay Xenopus egg extracts were prepared as previously described (Newmeyer et al. 19866; Newport, 1987) . Rat liver nuclei were isolated according to previously published methods (Newmeyer et al. 19866; Newport & Spann, 1987) . Nucleoplasmin and human serum albumin (HSA) conjugates were labeled with tetramethylrhodamine isothiocyanate (TRITC) or fluorescein isothiocyanate (FITC) by published methods (Newmeyer et al. 19866) . In a standard transport assay, rat liver nuclei (3000 /¿l-1) were added to 20 /A of egg extract containing 1-2-75 mM-ATP and 9 mMcreatine phosphate and incubated for 30min to allow the nuclei to heal and equilibrate. Fluorescently labeled proteins (final concentration ~0*01 mg ml-1) were added and transport assayed with the fluorescence microscope 30 min later. For ATP depletion experiments, apyrase (Sigma Grade V III; 100 Units ml-1) or hexokinase (100 U ml-1) and glucose (10 m M ) were added for 60 min (in the absence of an ATPregenerating system) before addition of either TRITC-or gold-labeled transport substrates (Newmeyer et al. 19866) . Competition experiments were done as described in the text.
Quantitation of transport
Small scale quantitation of nuclear transport was performed using densitometric scanning of photographic negatives of individual transporting nuclei, as described by Newmeyer et al. (19866) . For large scale quantitation of transport and wheat germ agglutinin (WGA) inhibition, transport in individual nuclei was assayed with the flow microfluorimeter (FMF). In these experiments, transport in the presence and absence of W GA was assayed as before (Finlay et al. 1987 ) except that volumes were scaled up to 0-4ml at 2000 nuclei //I-1, FITC-labeled wild-type signal sequence HSA (wt-ss-HSA) was used as the transport probe to allow analysis by the flow microfluorimeter, and the concentration of W GA was increased to lm g m l-1 (P. Hartl & D. Forbes, unpublished) . Nuclei were prepared for flow cytometry using a method similar to that of Blow & Laskey (1986) with modifications to adapt the technique of flow cytometry to the measurement of transport (P. Hartl & D. Forbes, unpublished) . Briefly, the samples were diluted to 3 ml with Buffer A (80mM-KCl, 15mM-Pipes, p H 7-5, 15mM-NaCl) plus 1 mM-DTT, 2mM-MgCl2, aprotinin (10 jWgml-1), and leupeptin (10/Ugml-1), called 'dilution buffer' below. The samples were then fixed by the addition of 300 (A 100 mM-ethylene glycol bis(succinimidylsuccinate) (EGS; Pierce; dissolved in dimethyl sulfoxide). The samples were incubated at room temperature for 10 min and 80 ¡A 1 M-Tris-HCl pH 7-5 was added to stop the reaction. The samples were underlaid with 0-4 ml 15 % and 70 % sucrose cushions in dilution buffer and spun at 6800 revs min-1 for 10 min in a Beckman SW 50.1 rotor.
The 70 % sucrose cushion containing most of the nuclei was removed and mixed with an equal volume of 50 /ig m P 1 RNAse and 50/xgml-1 propidium iodide in dilution buffer. The sample was incubated for one hour at room temperature, then frozen in liquid nitrogen until analyzed. On the day of analysis nuclei were pelleted for ~45 s in an Eppendorf centrifuge and resuspended to a final concentration of 106 nuclei ml-1 in phosphate-buffered saline (PBS) containing 0-5 mM-spermidine, 0-15-mM-spermine, and 1 jig ml" 1 propidium iodide. The sample was filtered through 100 nm nylon mesh just prior to running through the microfluorimeter.
Preparation of nucleoplasmin and peptide-protein conjugates
Nucleoplasmin was prepared as described by Newmeyer et al. (1986a) . Synthetic peptides containing the SV40 T-antigen wild-type (Cys-Thr-Pro-Pro-Lys-Z/ys-LysArg-Lys-Val) and mutant signal sequences (Cys-Thr-Pro-Pro-Lys-77zr-Lys-ArgLys-Val) were synthesized by the University of California (San Diego) PeptideOligonucleotide Synthesis Facility. They were coupled to HSA (Calbiochem) using MBS (Pierce) as described by Goldfarb et al. (1986) . The average coupling ratio was measured by SDS gel electrophoresis and could be varied as described by Newmeyer & Forbes (1988) .
Electron microscopic assay for transport
Colloidal gold particles (10 nm; Jansen) were coated with nucleoplasmin using the method of Feldherr et al. (1984) . HSA-peptide-gold was prepared as by Newmeyer & Forbes (1988) . Colloidal gold probes were prepared and used the same day since aggregation occurred upon storage. Usually, 0T-0-2 volumes of colloidal gold solution (in lOmM-sodium carbonate, pH 11-0) were added to 1 volume of egg extract as described by Newmeyer & Forbes (1988) . Samples were fixed, stained, sectioned, and electron microscopy performed as described by Newmeyer & Forbes (1988) .
Effect of lectins on nuclear transport
FITC-labeled lectins (WGA, Con-A, Bauhinia purpurea agglutinin, Dolichos biflorus lectin, Arachis hypogaea lectin, Griffonia simplicifolia lectin, Maclura pomifera lectin, soy bean lectin, and Ulex europaeus lectin) were tested for their ability to bind to nuclei as described by Finlay et al. (1987) and assayed with the fluorescence microscope. Inhibition of transport by W GA was assayed by addition of W GA 5min prior to addition of the transport substrate (Finlay et al. 1987 ).
Concentrations of 0-1 mg ml-1 W GA were used except where stated otherwise. Nuclear pore permeability was assayed by the addition of 10 or 20K FITC-labeled dextrans to a transport extract 5min after the addition of W GA (O T m gm P 1). 60 min later, nuclei were assayed with the fluorescence microscope for equilibration or exclusion of the dextrans. Colocalization involving W GA and wt-ss-HSA were done as described in the text (Newmeyer & Forbes, 1988) .
Identification of rat liver nuclei WGA-binding pore proteins
To determine which, if any, proteins of rat liver nuclei bound WGA, nuclei were solubilized in SDS sample buffer, electrophoresed on 10% polyacrylamide gels, transferred to nitrocellulose and blotted with 1125-WGA in PBS plus 2% polyvinyl pyrrolidone (Finlay et al. 1987) .
Results and discussion
In vitro nuclear transport accurately mimics in vivo transport In order to study nuclear transport at the molecular level, we have developed an in vitro nuclear transport system. This system consists of three components: nuclei, a transport substrate whose accumulation can be easily assayed, and a medium which maintains the nuclei in an intact and functional state (Newmeyer et al. 1986a,b; Newport, 1987) . For the medium, we use a Xenopus egg extract which contains a vast excess of soluble nuclear materials (Laskey et al. 1979; Lohka & Masui, 1983 Forbes et al. 1983; Newport & Forbes, 1985) . Rat liver nuclei added to the Xenopus extract are able to heal membrane damage incurred during isolation. The resulting intact nuclei exclude non-nuclear proteins, such as FITC-labeled IgG or phycoerythrin (a naturally fluorescing protein), just as seen with nuclei in vivo.
Integrity of the nuclear envelope is a prerequisite for measuring the transport and accumulation of nuclear proteins.
Addition of a transport substrate to the Xenopus extract containing intact nuclei is the next step of the assay. As a transport substrate, we first tested nucleoplasmin, an abundant Xenopus nuclear protein with a relative molecular mass of 150K (see Dingwall & Laskey, 1986 , for a review). Nucleoplasmin was fluorescently tagged with rhodamine (TRITC) to allow us to follow nuclear accumulation. Samples of the assay mix were withdrawn at various times, applied to a slide, and observed using the fluorescence microscope (Fig. 2) . Transporting nuclei were seen to increase in fluorescence with time and appeared brightly fluorescent by 30 min (Fig. 3) . Using nucleoplasmin as a transport probe, rat liver nuclei, and the Xenopus extract, accumulation levels approximated 17-fold above background within 30min. This compares favorably with the 12-fold nuclear accumulation observed in vivo in the Xenopus oocyte (Dingwall et al. 1982) . Our system thus provides a quick and simple assay for nuclear import.
To further characterize the transport assay we compared regulation of transport in vitro to transport in vivo with respect to ATP-dependence and signal sequence 
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Fluorescence Microscopy Fig. 2. Steps in the standard in vitro nuclear transport assay. At the times noted, a 5 /¿I aliquot was removed, applied to a slide, and examined for nuclear accumulation with the fluorescence microscope. al. 19846; Lanford & Butel, 1984) has demonstrated that in vivo the pore is able to distinguish a single amino acid difference in the SV40 large T-antigen (T-ag) signal sequence. When the SV40 T-ag signal sequence was synthesized and attached to non-nuclear proteins, it conferred the property of nuclear localization (Goldfarb et al. 1986; Lanford et al. 1986 ). To determine whether our in vitro system could distinguish a wild-type signal sequence from a mutant sequence, we synthesized peptides containing the wild-type and mutant signals of the T-antigen and constructed two hybrid proteins: HSA (a non nuclear protein) coupled to either the wild-type SV40 signal sequence or the mutant sequence. Both proteins were then rhodamine-labeled and added to the transport assay. We found that only the wild-type-HSA conjugate (wt-ss-HSA) accumulated within nuclei; the mutant conjugate was excluded. In experiments where gold particles were coated with these protein conjugates, large numbers of wt-ss-HSAcoated gold particles could be observed being transported through the pore (Fig. 4) ; little or no transport of mutant-ss-HSA-coated gold was observed (Newmeyer & Forbes, 1988) .
The number of signal sequences per protein conjugate could be varied; this provided a way of asking whether signal sequence number affected the accumulation rate. We found that the extent of accumulation of the wt-ss-HSA varied with the number of signal sequences per HSA molecule (Newmeyer & Forbes, 1988) . The highest level of accumulation observed using conjugates of ~20 peptides per protein was 45-fold above background, while the lowest accumulation observed was only 3-fold (~2 peptides present per protein). In contrast, the peptide-protein coupling ratio had no effect on the mutant conjugate, which was in all cases excluded from the nuclei. Thus, we find that the in vitro system correctly discriminates with regard to signal sequence recognition and, further, that there is a correlation of the rate of accumulation with the number of signal sequences present per protein. In recent work in vivo this correlation has also been observed (Lanford et al. 1986; Dworetzky et al. 1988) .
Two different nuclear proteins, nucleoplasmin and the SV40 T-ag, share a common step in the transport pathway
The lack of consensus among signal sequences in nuclear proteins might mean either that there are multiple signal receptors, each with a different specificity, or that there is only one receptor with a wide repertoire of recognized signals. If two different signals are recognized by the same receptor, the two signals should compete with one Fig. 4 . Wt-ss-HSA-coated gold particles are translocated through the pore in large numbers. Wt-ss-HSA-coated gold particles were added to rat liver nuclei in a standard transport assay. 30min later samples were fixed, concentrated, and prepared for electron microscopy. Gold particles were observed to translocate through the nuclear pores. The micrograph is oriented so that the nuclear interior lies in the lower half of the figure and the external medium in the upper half; IM , inner membrane; OM , outer membrane; CH, chromatin; arrows indicate pores.
another for transport into the nucleus. To ask whether nucleoplasmin and the SV40 wild-type signal sequence-bearing proteins compete for a step in transport, compe tition experiments were performed. Unlabeled wt-ss-HSA or mutant-ss-HSA was added to an extract containing rat liver nuclei and fluorescently-tagged nucleoplas min (0-01 m g m P ). Transport of TRITC-nucleoplasmin was completely inhibited by wt-ss-HSA at concentrations as low as 0-2 mg m l" 1. However, even at concen trations as high as 1-6 mg m l-1, the mutant-ss-HSA had no effect on the transport of nucleoplasmin. From these experiments we concluded that SV40 T-antigen and nucleoplasmin share at least one common step in their transport pathways; it is likely that this competition occurs at the signal recognition step, but this remains to be demonstrated.
Wheat germ agglutinin inhibits nuclear transport
One of the major goals for developing an in vitro transport system was to facilitate the biochemical manipulation of the transport machinery with the hope of identifying functional pore components. At the start of this work only one nuclear pore protein had been identified, an integral membrane glycoprotein, gpl90 (Gerace et al. 1982; Filson et al. 1985) . gpl90 contains a complex oligosaccharide, typical of integral membrane proteins of the ER. (A diagnostic feature of this class of glycoproteins is that they are recognized by the lectin Con A.) The carbohydrate portion of gpl90 faces the space between the inner and outer nuclear membranes. gpl90, thought to reside at the boundary between the pore complex and the nuclear membrane, has been proposed to be a structural protein anchoring the pore within the membrane.
Our strategy towards identifying proteins involved in the transport machinery itself was first to find an inhibitor of the transport assay and then to ask whether individual pore proteins could be identified by virtue of binding such an inhibitor. Early reports indicating lectin binding on the cytoplasmic side of the nucleus (Nicolson et al. 1971; Virtanen & Wartiovaara, 1978; Seve et al. 1984; Schindler et al. 1987 ) led us to screen a panel of FITC-labeled lectins for their ability to bind to rat liver nuclei in the Xenopus extract. The majority of lectins screened showed no binding to nuclei. Only one lectin, WGA, bound to all nuclei. FIT C-W GA was observed to bind to the nuclear envelope in a bright rim stain; upon closer examination the pattern resolved into a finely punctate staining of the envelope (Finlay et al. 1987) . (A second lectin, Con A, bound to a fraction of rat liver nuclei and was subsequently shown to bind only to those nuclei which had been damaged; in damaged nuclei the glycoproteins carrying complex oligosacharides which face the perinuclear space become exposed and accessible to Con A.) To further investigate the site of W GA binding, we incubated rat liver nuclei with W GA which had been coupled to ferritin particles. Electron microscopic analysis of these nuclei revealed that the ferritin-WGA bound only to the nuclear pores (>15 WGA-ferritin particles per pore; Finlay et al. 1987 ).
Would this lectin be able to inhibit transport in our assay? To answer this question, we added W GA (0-1 mg ml-1) to a transport assay 5 min prior to the addition of the TRITC-nucleoplasmin transport substrate. When assayed 30 min later, transport was found to be completely inhibited in extracts containing W GA ( Fig. 5A,B ; Finlay et al. 1987 ). This inhibition of transport was more precisely quantitated using a flow microfluorimeter to measure the accumulation of FITC-wt-ss-HSA in individual nuclei in the presence or absence of W GA (plotted on a log scale, Fig. 5C ; P. Hartl & D. Forbes, unpublished) . This method has the advantage of being able to assay large numbers of nuclei for the level of transported substrate in each individual nucleus. The results of Fig. 5 demonstrate that W GA causes a ~ 10-fold reduction of FITC-wt-ss-HSA association with nuclei, confirming the microscopic observations that W GA inhibits nuclear import.
From the results above we could not conclude that the inhibition was due solely to interactions at the nuclear pore. W GA might also bind to an important cytoplasmic component and it might be this interaction that was responsible for the inhibition seen. To ask whether W GA could block transport if it was present only on the nucleus, we preincubated nuclei in an extract containing W GA (0T mg ml-1), then pelleted the nuclei and added them to fresh extract lacking WGA. In this case, the nuclei would be inhibited for transport only if that inhibition was due specifically to W GA that had bound to the nucleus in the first incubation. Inhibition was, indeed, The mechanisms of this inhibition could be several. We have, however, ruled out occlusion of the pore by W G A by demonstrating that WGA-inhibited nuclei continue to allow the free diffusion of 10K fluoresceinated dextrans (Finlay et al. 1987) . Inhibition of transport by W G A has subsequently been confirmed in vivo (Dabauvalle et al. 1988; Wolff et al. 1988; Yoneda et al. 1987) , where it has also been observed that W G A causes no physical occlusion of the pore (Dabauvalle et al.
1988).

WGA binds to a family of N -acetyl glucosamine-modified pore proteins
To identify the pore protein(s) with which W G A interacts, rat liver nuclear proteins were separated on a polyacrylamide gel, transferred to nitrocellulose, and probed with 12SI-WGA. A major band of 62-63K and eight to ten bands of lesser intensity Fig. 5 . Inhibition of nuclear transport by the lectin W GA. Nuclei in a standard transport extract were incubated either with or without W GA, which was added 5 min before the addition of T R IT C -or FITC-wt-ss-HSA. 30 min later nuclei were observed using the fluorescence microscope (A and B) or they were prepared for flow microfluorimetry (C), as described in 'Experimental procedures'. (A) Nuclear accumulation of TRITC-wt-ss-HSA into rat liver nuclei occurs in the absence of W GA. (B) W G A inhibits TRITC-wtss-HSA translocation into rat liver nuclei, resulting in a bright rim fluorescence. Rim fluorescence is caused by the binding of TRITC-signal sequence-HSA to the nuclear pores (see text). (C) Flow microfluorimetry of normal or WGA-blocked transport using synthetic nuclei. For this experiment, sperm chromatin was added to Xenopus extracts and incubated 60 min to allow the formation of intact, transport-competent nuclei (Lohka & Masui, 1983 ; Newmeyer et al. 19866 ). 5 min prior to the addition of FITC-wtss-HSA, W G A (lmgml-1) was added to one half of the nuclei. The remaining half received only FITC-wt-ss-HSA. The y axis represents the number of nuclei counted and the x axis represents the fluorescence intensity of the FITC-wt-ss-HSA accumulated in the nuclei in log units. The relative mean fluorescence of transport substrate in the control nuclei was observed to be ~10 fold greater than in the WGA-inhibited sample. The low level of fluorescence observed with the W G A sample is due to binding (but not translocation) of the FITC-wt-ss-HSA to the nuclear pores (see Fig. 5B ). (It should be noted that the background level of propidium iodide fluorescence, a D N A stain, which bleeds through into the F IT C channel, has been gated out of these data.) were observed (Fig. 6) . These proteins could be bound to a WGA-Sepharose column and preferentially eluted with the appropriate sugar for purification (Fig. 6) . In subsequent work, we have isolated several individual members of this WGAbinding protein family and have raised polyclonal antibodies to them. Such antibodies stain the pore even in the presence of the sugar 7V-acetylglucosamine (GlcNAc) (J. Horecka & D. Forbes, unpublished). We predict that one or more of this family of WGA-binding proteins is the target of inhibition in our assay.
Conventional wisdom indicated that W GA would not have been expected to bind to the periphery of nuclei, since all intracellular glycoproteins were thought to reside within membrane-enclosed organelles. We have shown, however, that nuclei that are intact bind fluorescently-labeled W GA. We have also found that WGA-ferritin binds directly to the cytoplasmic surface of nuclear pores; this binding can be competed away by GlcNAc at 0-2 mg ml-1. W GA must, therefore, be binding to cytoplasmically disposed GlcNAc moieties. Recently, proteins containing novel O-linked GlcNAc residues have been described (Holt & Hart, 1986) as being present in the cytoplasm and on a variety of organelles, with a majority present on the nuclear envelope. The major nuclear envelope protein of this type was found to have a relative molecular mass of 62-65K (Holt & Hart, 1986; Holt et al. 1987; Schindler et al. 1987; Hanover et al. 1987; Hart et al. 1988 ). The newly discovered enzyme, O-GlcNAc glycosyl transferase, which adds GlcNAc residues to serine and threonine residues of this novel class of glycoproteins, has recently been shown by Hart et al. (1988) to be a membrane-bound enzyme with its active site facing the cytoplasm. We concluded that the pore proteins acted upon by W GA in transport inhibition must be of this novel glycoprotein type.
This conclusion is corroborated by the independent findings of others, who found that newly isolated monoclonal antibodies which cross-react with the pore interact with a family of GlcNAc-containing proteins present on the cytoplasmic and nucleoplasmic sides of nuclear pore complexes (Davis & Blobel, 1986 Snow et al. 1987; Park et al. 1987) . Our WGA-binding proteins correlate strongly with the family of GlcNAc-containing pore proteins identified with monoclonal antibodies and many of them are believed to be identical (Finlay et al. 1987; Davis & Blobel, 1987; D . F in la y & D . Forbes, unpublished) . Binding o fW G A to the cytoplasmically exposed GlcNAc moieties of these proteins results in the inhibitory effect of W G A on transport.
D. R. Finlay and others
Transport can be separated into two distinct steps
As stated earlier, it has been one of our goals to use the functional in vitro assay system also to elucidate the mechanism of pore-mediated transport. The obser-particle in the pore region. These experiments demonstrate that there exists an initial signal sequence binding step in the process of transport. This binding step is ATPindependent and requires the correct signal sequence. Following binding, translo cation occurs wherein a nuclear protein (or signal sequence-coated gold particle) moves through the pore in an ATP-dependent process (see Fig. 4 ).
Having identified two distinct steps in the transport pathway it was then possible to ask which of these steps the transport inhibitor WGA affects. To test if WGA inhibits by blocking the signal sequence recognition (binding) step, we asked whether wt-ss-HSA was capable of binding after saturation of the nuclear W GA sites. Unlabeled W GA at concentrations as high as 4-0 mg ml-1, had no effect on the nuclear envelope binding of TRITC-wt-ss-HSA (0-01 mg ml-1), but did competi tively inhibit binding of FITC-W GA (0-1 mg ml-1). It was possible to visualize both TRITC-wt-ss-HSA and FIT C-W GA binding to nuclei in double labeling experiments using the fluorescence microscope (Newmeyer & Forbes, 1988) . In fact, both proteins were seen to give punctate stains which colocalized. When W GA was added to a transport assay and wt-ss-HSA-coated gold particles added 5 min later, the gold particles were observed to bind to the pore, but not to be translocated through it. From these data we conclude that W GA does not interfere with the signal sequence binding step, but does block translocation.
Conclusions and model
In summary, we have developed a nuclear transport assay which is fast, efficient, and in which the transport machinery is correctly regulated in terms of the exclusion of non-nuclear proteins, the ATP requirement, and the recognition of signal sequences. With this assay, we have been able to identify an inhibitor of nuclear transport, the lectin W GA, and, most importantly, to use that inhibitor to identify new nuclear pore proteins.
Our in vitro analysis of nuclear transport has, in addition, led to a two-step model of the transport process (Fig. 8) . The first observable step of the transport of a karyophilic protein through the pores is the binding of a signal sequence-bearing protein to the nuclear pore. This implies the existence of a signal sequence receptor, either permanently residing at the pore, or in the cytoplasm; in the latter case the receptor must bind to the pore after recognizing the karyophilic signal sequence. The signal sequence binding (recognition) step requires no ATP and is not blocked by the transport inhibitor, W GA. Following binding, the second step in transport is the translocation of the protein through the pore. This step requires ATP and is inhibited by WGA. The same steps were found to exist in vivo (Richardson et al. 1988) .
Although the mechanism of W GA inhibition is not yet fully understood, we have shown that it acts by binding to the nuclear pore. This binding occurs via GlcNAc moieties found on a family of recently identified pore proteins. We have found that W GA neither physically occludes the pore nor blocks the signal sequence-dependent binding of nuclear proteins to the pore. It is possible that the lectin may act to vations, previously discussed, of transport inhibition by either ATP removal or W G A addition provided a set of tools with which to study this problem. We could ask, for example, what aspects of nuclear protein transport are inhibited when ATP is removed. We found that, upon removal of ATP from the transport system, TRITC-wt-ss-HSA bound to rat liver nuclei in a bright punctate rim stain (not unlike the pattern seen with F IT C -W G A ). To understand the nature of this nuclear envelope binding, wt-ss-HSA was used to coat 10 nm gold particles which were then added to a transport extract lacking ATP. 30min later the nuclei were fixed, thin sectioned, and examined with the electron microscope. Under conditions of ATP depletion we found that the wt-ss-HSA-gold particles bound to the pore complexes and to no other part of the nucleus ( Fig. 7 ; Newmeyer & Forbes, 1988) . Controls using mutant signal sequence-HSA-coated gold particles showed only a rare gold Fig. 7 . Binding of wt-ss-HSA-gold particles to the pore is observed in the absence of ATP. To determine the effect of ATP removal on nuclear transport, nuclei were added to a standard transport assay and ATP was depleted by the addition of apyrase (100 Units ml-1) for 30min. Wt-ss-HSA-gold was added to the extract, which was then incubated 30min, fixed, and prepared for electron microscopy. Under these conditions, gold particles were observed to bind to the cytoplasmic face of the nuclear pore, but not to translocate through the pore. The micrograph is oriented so that the nuclear interior lies in the lower half of the figure and the external medium in the upper half; OM , outer membrane; IM , inner membrane; CH, chromatin. Arrows indicate pores.
S T E P 1 -Binding S T E P 2 -Translocation -signal sequencedependent -ATP-independent -ATP-dependent -W G A does not block -W G A inhibits Berrios et al. 1983; Smith & Wells, 1984; Schroeder et al. 1986; Berrios & Fischer, 1986) . W G A may inhibit transport by binding to the ATPase itself. Using the in vitro transport system discussed in this paper we hope to derive a greater understanding of nuclear transport mechanisms and their inhibition.
In conclusion, the in vitro system has proved invaluable in analyzing previously unapproachable problems in nuclear transport, just as similar in vitro systems involving Xenopus egg extracts have been used to follow steps in nuclear envelope assembly (Lohka & Masui, 1983 Newport, 1987; Sheehan et al. 1988 ) and to examine questions of possible developmental regulation of nuclear transport (Dreyer et al. 1986 ).
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